Design and optimization of coating structure for the thermal barrier coatings fabricated by atmospheric plasma spraying via finite element method  by Wang, L. et al.
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a  b  s  t r  a  c  t
The  ﬁrst prerequisite  for  fabricating  the  thermal  barrier  coatings  (TBCs)  with  excellent  performance  is to
ﬁnd an  optimized  coating  structure  with  high  thermal  insulation  effect  and  low  residual  stress.  This  paper
discusses  the  design  and  optimization  of  a  suitable  coating  structure  for the TBCs  prepared  by atmospheric
plasma  spraying  (APS)  using  the  ﬁnite  element  method.  The  design  and  optimization  processes  comply
with  the  rules  step  by step,  as the  structure  develops  from  a simple  to a complex  one.  The  research
results indicate  that  the  suitable  thicknesses  of  the  bond-coating  and  top-coating  are  60–120 m  and
300–420  m,  respectively,  for  the  single  ceramic  layer  YSZ/NiCoCrAlY  APS-TBC.  The  embedded  interlayer
(50  wt.%YSZ  +  50  wt.%NiCoCrAlY)  will  further  reduce  the  residual  stress  without  sacriﬁcing  the thermal
insulation  effect.  The  double  ceramic  layer  was  further  considered  which  was based  on  the single  ceramicinite element simulation
esign and optimization
layer  TBC.  The  embedded  interlayer  and  the upper  additional  ceramic  layer  will  have  a best match  between
the low  residual  stress  and  high  thermal  insulation  effect.  Finally,  the  optimized  coating  structure  was
obtained,  i.e., the La2Ce2O7(LC)/YSZ/Interlayer/NiCoCrAlY  coating  structure  with  appropriate  layer  thick-
ness  is  the best  choice.  The  effective  thermal  conductivity  of  this  optimized  LC/YSZ/IL/BL  TBC  is 13.2%
lower  than that  of  the  typical  single  ceramic  layer  YSZ/BL  TBC.
Crown  Copyright  © 2014  Production  and  hosting  by  Elsevier  B.V. on  behalf  of The  Ceramic  Society  of
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h. Introduction
With the development of the modern aerospace technology,
he demand for the efﬁciency of hot section components (e.g.,
anes or blades) of advanced turbine and engine is becoming
igher and higher. The thermal barrier coatings (TBCs) on these
ot section components are very important ceramic coating mate-
ials. They play an increasing role in improving the heat efﬁciency∗ Corresponding author at: Key Laboratory of Inorganic Coating Materials, Chinese
cademy of Sciences, Shanghai 200050, PR China. Tel.: +86 021 69906320;
ax: +86 021 69906322.
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nd thrust weight ratio of the turbine and engine [1–7]. Gener-
lly, the typical TBCs are composed of double layers, i.e., metallic
ayer and ceramic layer. The metallic layer is often MCrAlY (here
 = Ni and/or Co), which is deposited between the super-alloy
ubstrates and the ceramic layer in order to relieve the thermal
ismatch between them. The ceramic layer is usually composed
f 8 wt.% (4.5 mol.%) yttria-stabilized zirconia or other zirconate
aluminate)-based AxByO7 (where A denotes the rare-earth ele-
ent and B denotes Zr, Ce or Al). It often impedes the high-velocity
eat ﬂux by impacting it directly onto the superalloy substrates.
tmospheric plasma spraying (APS) is one of the most important
echniques to fabricate the TBCs and it is widely used in actual
pplication [8–15].
The low residual stress and high thermal insulation effect are the
wo primary factors to evaluate the TBCs. The low residual stress
ill ensure that the reliability and durability are high enough. The
oating has a long lifetime when it is used in the actual hot sec-
ion components, especially when the TBCs are subjected to severe
xterior environment. The high thermal insulation effect can make
ure that the hot section components can be used at higher tem-
eratures, and this will further improve the heat efﬁciency and
hrust weight ratio of the turbine and engine [16–19]. In fact, many
actors can affect the magnitude and distribution of the residual
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tress in the TBCs, such as defects (cracks and pores) in the ceramic
ayer, oxide thickness, interlayer, interface asperity, exterior envi-
onment (temperature, thermal ﬂux, radiation, impact load) and so
n [20–25]. In fact, the coating thickness plays an important role in
ontrolling the stress distribution and magnitude of the as-sprayed
BCs. The coating thickness also plays a key role in controlling the
hermal insulation effect of the as-sprayed TBCs. Generally, the
hermal insulation effect will increase with the increase in ceramic
ayer thickness [26–28]. But the residual stress will also increase
ith the increase in ceramic layer thickness [29,30]. Many previous
iteratures have testiﬁed this viewpoint. Besides the thick thermal
arrier coatings (TTBCs) with the segmentation cracks prepared
nder special processing condition, spallation can also be induced
n the TBCs and the coating can be separated from the substrate
irectly when the ceramic layer thickness exceeds a certain value
31,32]. Therefore obtaining an optimized coating structure with
igh thermal insulation effect and low residual stress is the ﬁrst
rerequisite for fabricating the TBCs with excellent performance.
his will be a very challenging and interesting topic.
Previous work often focused on thermal insulation and resid-
al stress based on some speciﬁed coating models independently,
ut without much importance to the optimization of the coating
tructure with regard to the two factors [33–35]. The objective of
he current work is to design and optimize the coating structure
f the TBCs with excellent match between the high thermal insula-
ion effect and low residual stress. And the design and optimization
esults will provide a powerful guide to fabricate the TBCs with
xcellent performance.
. Design and optimization process
The design and optimization process based on the ﬁnite ele-
ent simulation will be described in detail in this section. The
nite element simulation procedure mainly includes establishing
he designed model, applying the proper boundary and initial con-
itions, setting suitable solution methods and steps, and solving the
esigned model. The ﬁnal goal of the optimization process is to ﬁnd
he suitable coating structure model and coating thickness by com-
aring the lowest residual stress and highest thermal insulation
ffect. And we sincerely hope that the design and the optimization
esults will provide a powerful guide to prepare the APS-TBC with
xcellent performance eventually.
.1. Sources of the residual stress in the TBCs
The design and optimization processes are based on the ﬁnite
lement simulation procedure, so this procedure is the most impor-
ant step to realize the goal of the design and optimization. As the
hermal insulation effect of the TBCs mainly depends on the thick-
ess of the ceramic layer, calculation of the residual stress will be
ore complicated compared with that of the thermal insulation
ffect; hence the ﬁnite element simulation of residual stress is pre-
ormed ﬁrst. Usually, the residual stress in the TBCs after thermal
praying often includes the following three parts: quenching stress
q), thermal mismatch stress (t) and phase transformation stress
p). So the total residual stress () can be written as follows:
 = q + t + p (1)
The quenching stress q can be deﬁned as that which can be
nduced in the ceramic coating when the coating is sprayed or
eposited onto the cooler substrate or the former deposited splats.
nalytically, the magnitude of the induced tensile quenching stress
n the process of plasma spraying can be estimated from [36–38]:
q = ˛c(Tm − Ts)Ec (2)
e
T
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here ˛c and Ec are the coefﬁcient of thermal expansion (CTE)
f coating and the elastic modulus of coating, respectively. Tm is
he temperature where stress relaxation by plastic ﬂow or plastic
eformation is inhibited. As the droplet usually exhibits a semi-
olten state, the spray temperature is usually below Tm. Ts is the
ubstrate temperature. The thermal mismatch stress was  usually
enerated by the CTE mismatch between the ceramic layer and
he substrate/metallic layer during the cooling of the entire coat-
ng system (including the substrate) from the spraying state to the
mbient temperature. In the two-dimensional analysis, the thermal
ismatch stress generated in the TBC can be calculated as:
t = Ec1 − c   ˛ T  =
Ec
1 − c (˛c − ˛s)(T − T0) (3)
here ˛, T  and c are the CTE difference between the sub-
trate and coating, the temperature difference upon cooling and the
oisson’s ratio of coating, respectively. ˛c and ˛s are the thermal
onductivities of the ceramic layer and the substrate, respectively. T
s the temperature of the spray state; T0 is the ambient temperature.
he phase transformation-induced stress was usually generated
n the process of the solidiﬁcation of liquid particles or solid-
tate transformation during plasma spraying. The induced stress
n the process of solidiﬁcation of liquid feedstock particles could
e relaxed by the presence of liquid phase in the process of ther-
al  spraying. Also, the addition of 8 wt.% (4.5 mol%) Y2O3 into ZrO2
an inhibit the phase transformation of ZrO2 from tetragonal phase
o monoclinic phase. Consequently, the phase transformation-
nduced stress in the plasma sprayed 8YSZ TBC can be ignorable. In
act, as for the pure ZrO2 coating, it can be seen from the phase dia-
ram of ZrO2 and Y2O3 binary system (Fig. 1), the transformation
rom tetragonal (T) to monoclinic (M)  phase can occur. This type
f transformation can lead to a relatively higher volume expansion
3–5%) which can produce inner stress in the coating. This type of
hase transformation can be partially prevented by the addition of
2O3 into the ZrO2 and its subsequent solid-solution treatment in
he ZrO2 crystal lattice [39–42]. So in the current work, the phase
ransformation was ignored, and the residual stress was  composed
f thermal mismatch stress and quenching stress. The phase trans-
ormation can be regarded as a portion of residual stress but was
gnored, which can be also seen in other references [43,44].
According to the above description, the overall magnitude of
esidual stress induced in plasma sprayed coatings in the process
f plasma spraying is the summation of quenching stress q and
hermal mismatch stress t, i.e.
 = ˛c(Tm − Ts)Ec + Ec1 − c (˛c − ˛s)(T − T0) (4)
.2. Finite element simulation procedure
In the current work, a circular disk specimen is considered, and
he problem can be reduced to a two-dimensional axisymmetric
ase in the radial and through-thickness direction as schematically
hown in Fig. 2. In order to simplify the writing and expression,
he bond-coat layer, interlayer, YSZ layer and La2Ce2O7 layer were
enoted as BL, IL, YSZ and LC, respectively. Three types of mod-
ls have been established, i.e., YSZ/BL, YSZ/IL/BL and LC/YSZ/IL/BL.
he thickness of the substrate, NiCoCrAlY metallic layer, Inter-
ayer (50 wt.%NiCoCrAlY + 50 wt.%YSZ), YSZ ceramic layer and LC
eramic layer is deﬁned as ts, tb, ti, ty and tl, respectively, and the
ve optimization parameters n1 = tb/ts, n2 = ti/ts, n3 = ty/ts, n4 = tl/ts
nd m = n4/n3 have been used in our calculation process. The prop-
rty parameters used in the ﬁnite element simulation are listed in
able 1 [45–51].
The ﬁnite element simulation was based on the following
ssumptions: (1) All layers are homogeneous and isotropic, there
104 L. Wang et al. / Journal of Asian Ceramic Societies 2 (2014) 102–116
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re no defects in each layer, and the interfaces between the two
djacent layers are ﬂat without defects or wave characteristic; but
hese will be further investigated in our future work. (2) The upper
urface of the top coat transfers heat with air by convection, the side
urface is adiabatic, and heat radiation was not considered in the
urrent simulation. (3) The creep and plastic deformation of all lay-
rs are negligible and were not taken into account. (4) The ceramic
ayer was assumed to be linear elastic; only when the stress is
eyond the yield stress, crack can be initiated in the coating, and the
oating begins to fail. The ﬁnite element simulation was performed
a
t
s
b
Fig. 2. Designed model used in thchematic illustration of three types of ZrO2 crystal structures (b).
sing the commercial ﬁnite element software ANSYS (version 14.5)
fﬁliated with APDL code. An axial symmetric problem was  cho-
en in order to reduce the data processing time and to improve
he computational efﬁciency. The Plane 13 element (four-node
hermal-structure couple element) was  selected in the current sim-
lation work [52]. The meshes in the zone near the interface of the
djacent layers were reﬁned to improve the accuracy of the calcula-
ion (Fig. 3). Constraints were imposed on the axial line and bottom
ide of the analyzed model, which can be viewed as the geometric
oundary conditions. The coating was sprayed onto the cyclic-like
e ﬁnite element simulation.
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Table  1
Property parameters used in the ﬁnite element simulation [45–51].
Material T (◦C) E (GPa)  (kg/m3)  ˛ (10−6/K)  k (W/m K) C (J/kg K)
La2Ce2O7 25 49 7100 6.7 0.24 1.12 494
400  44 7100 8.9 0.24 0.93 565
800  38 7100 13.7 0.24 0.90 607
YSZ 25  53 4400 7.2 0.25 1.5 500
400  52 4400 9.4 0.25 1.2 576
800  46 4400 16 0.25 1.2 637
50%NiCoCrAlY + 50%YSZ 25 156 5860 11 0.275 3.1 517
400  146 5860 19 0.275 3.8 621
800  89 5860 35 0.275 5.6 689
NiCoCrAlY 25  225 7320 14 0.3 4.3 501
400  186 7320 24 0.3 6.4 592
800  147 7320 47 0.3 10.2 781
Ni-alloy substrate 25 200 8220 14.4 0.3 11.5 431
400  179 8220 14.4 0.3 17.5 524
800  149 8220 14.4 0.3 23.8 627
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optimized coating structure from the aspect of gradual change of
thermal expansion coefﬁcients of the adjacent layers can be seen
in Fig. 4. One of the most important aspects of the residual stress
is the thermal mismatch stress induced due to the mismatch ofFig. 3. Partial ampliﬁed mesh used in the ﬁ
ubstrates measuring 25 mm × 6 mm.  The designed thickness of
ach layer was controlled at a suitable level. Selection of the initial
nd reference temperature is also very important in the process of
nite element simulation. Generally, the material will melt when
he temperature reaches the melting point of the material. It will
xhibit liquid characteristic, and all parts of the material are relaxed
nd the stress is free. So the melting point can be deﬁned as the
eference temperature. In the current model, the initial and ref-
rence temperatures were set at 475 ◦C [53–56], 1680 ◦C, 1200 ◦C,
100 ◦C and 2300 ◦C for substrate, bond coating, Interlayer, 8YSZ
ayer and LC layer, respectively. The temperature of the atmosphere
as set at 27 ◦C, and the cooling time was assumed to be 1200 s,
hen the whole coating system reached the heat equilibrium state.
he calculated residual stress in the current work includes both
uenching stress q and thermal mismatch stress i. In addition,
he heat transfer that is attributed to the convection between the
lasma jet and the superalloy substrate was also included in the
urrent model. The convective coefﬁcient between the outer sur-
aces of the coating samples and the static air was  assumed to be
00 W/(m2 K).
.3. Design and optimization processThe optimization process can be performed step by step com-
lying with the rules, from a simple case to a complicated case.
n the one hand, the design and optimization processes from the
spect of residual stress were performed. The design concept of the
F
t
alement simulation of the LC/YSZ/IL/BL TBC.ig. 4. Schematic illustration of the design concept of the optimized coating struc-
ure from the aspect of gradual change in thermal expansion coefﬁcients of the
djacent layers.
1  Ceram
t
e
d
t
s
T
h
o
b
m
f
i
c
h
l
n
p
o
p
i
s
n
t
t
(
s
t
r
n
w
t
a
W

o
i
m
o
t
Y
w
i
Y
l
(
o
a
n

g
b
t
o
d
w
s
r
i
c
z
t
b
c
d
b
k
w
i
t
l
n
i
t
t
p
u
c
c
m
T
r
t06 L. Wang et al. / Journal of Asian
he CTE between the adjacent layers. The basic design concept is to
nsure that the CTE changes gradually along the through-thickness
irection in the thermal barrier coating system in order to reduce
he thermal mismatch stress and acquire the optimized coating
tructure. The low tan() will guarantee the low residual stress.
he bond-coat layer near the substrate usually has a relatively
igh thermal expansion coefﬁcient, so it was usually deposited
nto the substrate ﬁrst. The interlayer was embedded between the
ond-coat layer and the YSZ layer in order to reduce the thermal
ismatch the two layers. The LC layer was deposited onto the sur-
ace of the YSZ layer for two reasons: (1) to improve the thermal
nsulation effect without increasing the residual stress of the whole
oating system, and (2) to protect the YSZ layer from enduring
igher temperature, as the thermal expansion coefﬁcient of the LC
ayer is usually lower than that of the YSZ layer, and the LC layer is
on-oxygen transparent and has lower thermal conductivity com-
ared with the YSZ layer.
Firstly, as for the single ceramic layer YSZ/BL TBC, the two
ptimization parameters n1 and n2 were used in our calculation
rocess. When the double layer TBCs model is considered, the min-
mum values of the radial stress (xx), axial stress (yy) and shear
tress (xy) are the function of ts, n1 and n2. When the suitable ts,
1 and n2 are obtained, it can be realized that xx, yy and xy have
he minimum values simultaneously, i.e., the optimization goal is
o satisfy the following expressions:
min(xx) = f (ts, n1, n2)
min(yy) = f (ts, n1, n2)
min(xy) = f (ts, n1, n2)
⎫⎪⎬
⎪⎭ (5)
Secondly, the embedded interlayer
50 wt.%YSZ + 50 wt.%NiCoCrAlY) was introduced in the TBC
ystem. Based on the previous design and optimization results,
he thickness of the interlayer was deﬁned as ti, and the thickness
atio between the interlayer and the substrate was deﬁned as
3 = ti/ts. In the triplex layer TBCs model, wherein the interlayer
as embedded between the bond-coat layer and the YSZ layer,
he minimum values of the radial stress (xx), axial stress (yy)
nd shear stress (xy) are also the function of ts, n1, n2 and n3.
hen suitable ts, n1, n2 and n3 are obtained, it can be realized that
xx, yy and xy have the minimum values simultaneously, i.e., the
ptimization goal was to satisfy the following expressions:
min(xx) = g(ts, n1, n2, n3)
min(yy) = g(ts, n1, n2, n3)
min(xy) = g(ts, n1, n2, n3)
⎫⎪⎬
⎪⎭ (6)
Thirdly, the zirconate (aluminate)-based layer was  further
ntroduced in the TBC system based on the former design and opti-
ization results. Here the La2Ce2O7 (LC) was taken as the research
bject. The total thickness of the LC layer and YSZ layer was equal to
hat of the optimized YSZ layer thickness in the single ceramic layer
SZ/NiCoCrAlY TBC. Here the thickness ratio between LC and YSZ
as deﬁned as m = tl/ty. In the double ceramic layer TBCs model,
.e., the interlayer embedded between the bond-coat layer and the
SZ layer, the LC layer was deposited onto the surface of the YSZ
ayer, and the total thickness of the two adjacent ceramic layers
YSZ layer and LC layer) has a constant value. The minimum values
f the radial stress (xx), axial stress (yy) and shear stress (xy) are
lso the function of ts, n1, n2, n3 and m,  and when the suitable ts, n1,
2, n3 and m values are obtained, it can be realized that xx, yy and cic Societies 2 (2014) 102–116
xy have the minimum values simultaneously, i.e., the optimization
oal is to satisfy the following expressions:
tc = tl + ty = constant
min(xx) = g(ts, n1, n2, n3, m)
min(yy) = g(ts, n1, n2, n3, m)
min(xy) = g(ts, n1, n2, n3, m)
⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭
(7)
On the other hand, the thermal insulation was also considered
ased on the design and optimization results of the coating struc-
ure from the aspect of residual stress. According to the basic theory
f thermal transfer – Fourier’s second law – in three-dimensional
irection, the heat conduction equation can be expressed as:
∂
∂x
(
kx
∂T
∂x
)
+ ∂
∂y
(
ky
∂T
∂y
)
+ ∂
∂z
(
kz
∂T
∂z
)
+ qv = ∂
∂t
(cT) (8)
here T is the transient temperature, t is the time,  is the den-
ity, and kx, ky, kz are thermal conductivities in x, y and z direction,
espectively. C is the heat capacity, and qv is the intensity of the
nternal heat source in the corresponding space.
As for the process of fabrication and cooling of plasma sprayed
oating, the intensity of the internal heat source, i.e., qv, is equal to
ero. And only the heat conduction in the through-thickness direc-
ion (spray direction) was considered, so the above equation can
e simpliﬁed as follows [57]:
∂T
∂t
= k
Cp
∂2T
∂y2
(9)
When the left and right boundaries of the coating model are
onsidered to be adiabatic, i.e., dT/dn = 0, the effective thermal con-
uctivity in the through-thickness direction (spray direction) can
e calculated from [58]:
eff =
h
TW
∫
	bot
k(n∇T)d	 (10)
here h and W are the average thickness and the width of the coat-
ng model, respectively, T  is the temperature difference between
he top side and bottom side of the coating model, and 	bot is the
ower horizontal boundary of the coating model with normal vector
. It can be further seen that the effective thermal conductivity keff is
nversely proportional to the temperature difference T according
o the formula (10). The detailed calculation procedure of the effec-
ive thermal conductivity can be seen in our previous published
aper [59,60].
Based on the optimization results from the aspect of resid-
al stress, the low effective thermal conductivity of the whole
oating system was further considered, i.e., the effective thermal
onductivity is also the function of ts, n1, n2, n3 and m,  the joint opti-
ization was performed and the ﬁnal optimization goal realized.
he optimized coating structure of APS-TBCs when considering the
esidual stress level and the effective thermal conductivity simul-
aneously can be further expressed as follows:
tc = tl + ty = constant
min(xx) = g(ts, n1, n2, n3, m)
min(yy) = g(ts, n1, n2, n3, m)
min(xy) = g(ts, n1, n2, n3, m)
⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪
(11)min(k) = g(ts, n1, n2, n3, m)
⎭
The detailed process of the design and optimization of the
oating structure for the APS-TBC is shown in Fig. 5. It must be
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Table 2
Parameters used in plasma spraying.
Parameter NiCoCrAlY ZrO2–8%Y2O3
Current (A) 530 570
Voltage (V) 53 55
Flow rate of primary gas (SCFHa) 120 100
Feedstock giving rate (g/min) 5.0 6.8
Spray distance (mm) 110 80
Spray angle (◦) 90 90
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tig. 5. Flow chart of the process of design and optimization of the coating structure.
peciﬁcally pointed out that all the processes of design and opti-
ization are based on the ﬁnite element simulation. The thermal
nsulation effect and residual stress have been considered simulta-
eously.
.4. Experimental procedure
In order to validate our current ﬁnite element simulation and
ptimization results, some necessary experiments were executed
n the current work. The YSZ coatings, which used YSZ powder
Metco 204NS) as the feedstock, were fabricated by APS. Before
praying, the superalloy (GH3128) substrates were immersed in
thanol for ultrasonic cleaning for a dwell time of 15 min. After
emoval from ethanol, the substrates were then degreased and grit-
lasted with 24-mesh brown corundum in order to enhance the
echanical interlocking between the layers and increase the bond-
ng strength of the as-sprayed coatings. The feedstock was dried in
n oven at 120 ◦C for 2 h, and particles of less than 200 mesh size
ere collected as the thermal sprayed feedstock. Then NiCoCrAlY,
YSZ coatings were deposited onto the superalloy substrates in
urn and the as-sprayed TBCs were fabricated. The feedstock was
hermally sprayed using an Ar/H2 APS torch (9 MB  plasma gun, GH
ozzle, Sulzer Metco, Westbury, NY, USA). The feedstock that was
sed to deposit the coatings was given externally. Detailed thermal
pray parameters are presented in Table 2.
B
i
z
YSpray velocity (mm/s) 30 30
a 1SCFH = 0.472 L min−1.
Thermal shock resistance test was performed by using heating
nd water-quenching method. The coatings were deposited onto
he cylinder-like superalloy substrates of size 25 mm × 6 mm.The
amples were heated to 1150 ◦C with a dwell time of 5 min  in a high
emperature mufﬂe furnace and then quickly thrown into water
f temperature 20 ◦C. After the coating samples were cooled to
he ambient temperature, they were taken out, dried and put in
he high temperature mufﬂe furnace again, and the same process
epeated. The thermal cycle number when nearly 20% coating sur-
ace was destroyed (cracking and peeling are visible to the naked
ye) was  recorded as the thermal cycling lifetime of the as-sprayed
oating. The dynamic macro-images of the destroyed coating sam-
les were captured timely by a digital camera. The cross-section
nd the fracture surface were examined by using a scanning elec-
ron microscope (SEM, S-570, Hitachi, Tokyo, Japan).
. Results and discussion
In this section, the design and optimization results of the coat-
ng structures based on the ﬁnite element simulation have been
resented. The simulation results about the residual stress of differ-
nt coating structures for the TBCs were extracted from the ANSYS
isualization and analyzed systematically. Residual stress in the
ollowing three directions was obtained: the residual stress along
he radial direction can be deﬁned as radial stress (xx). The resid-
al stress that refers to stress proﬁle through the thickness of the
oatings can be deﬁned as axial stress (yy), and the residual stress
hat acts along the tangential direction can be deﬁned as shear
tress (xy). The calculation and optimization of thermal insula-
ion of several coating structures were further performed based on
he ﬁnished optimization results of residual stress.
.1. Design and optimization of YSZ/BL TBC
Fig. 6 shows the calculated residual stress along the YSZ/BL
nterface. The radial stress exhibited an increasing tendency along
he YSZ/BL interface (radial direction). The maximum radial stress
as located near the BL/YSZ interface and in the BL layer. It can
e further seen that the radial stress also increases with increasing
2. This indicates that when the thickness of the bond-coat layer
s the same, the radial stress will increase with the thickness of
he YSZ ceramic layer (Fig. 6a). From Fig. 6b, it can be seen that
he maximum axial stress is located at the outer edge and in the BL
ayer, the axial stress nearly remains zero from the center line to the
osition near the edge along the YSZ/BL interface (radial direction),
nd then the stress increases and the maximum compressive stress
ccurs at the outer edge. It can be further seen that the maximum
tress increases with increasing n2 (i.e., increasing the thickness of
he YSZ ceramic layer). The maximum shear stress is located at the
L/YSZ interface, and the board zone of the maximum shear stress
s located at the YSZ layer. The shear stress also nearly remains
ero from the center line to the position near the edge along the
SZ/BL interface (radial direction), and then the stress increases
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Fig. 6. Distribution of radial stress (a), axial stress (b) and shear stress (c) along the radial direction at the YSZ/BL interface with different n2 when n1 = 0.02.Fig. 7. Plot of radial stress, axial stress and shear stress as the function of n1 when the double layer YSZ/BL TBCs are considered (n2 = 0.05).
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3Fig. 8. The maximum radial stress (a), axial stres
nd the maximum tensile stress occurs at the outer edge. Similar
o the axial stress, the increase in velocity becomes higher with
he increase in n2. It can be further seen that the maximum tensile
tress increases with increasing n2 (i.e., increasing the thickness of
he YSZ ceramic layer, Fig. 6c).
Fig. 7 shows the plot of radial stress, axial stress and shear stress
s the function of n1 when the double layer YSZ/BL TBC is con-
idered (n2 = 0.05). It can be seen that when n1 is equal to 0.02,
here existed minimum axial stress and shear stress. Although the
adial stress did not reach the minimum value when n1 was  equal
o 0.02, it still had a relatively low value. Compared with n1 = 0.01,
he value of the radial stress exhibited a big drop. Combined with
ig. 7a–c, it can be primarily deduced that the optimized design
tructure is n1 = 0.02, n2 = 0.025 when the double layer YSZ/BL TBC
s considered. The inserted ﬁgures further show the distribution
haracteristic of the residual stress when n1 = 0.02 and n2 = 0.05. It
an be further veriﬁed that the maximum radial tensile stress exists
elow the YSZ/BL interface near the outer edge. The maximum axial
ompressive stress exists at the outer edge and below the YSZ/BL
nterface. The maximum shear stress exists at the YSZ/BL interface
ear the outer edge.
In fact, the percentage of changes in maximum radial stress
sxx0), axial stress (syy0) and shear stress (sxy0) at the bond-coat/top-
oat interface as the function of n2 also has a very interesting
hanging characteristic. All the three types of residual stress
ncrease with the increase in n2 (i.e., increasing the thickness of
he YSZ ceramic layer). In fact, the increase in the thickness of the
BC is limited. If the coating is too thick, large residual stress will be
nduced in the inner area of the coating and will make the coating
a
A
cnd shear stress (c) as the function of n1 and n2.
 disastrous failure. This will further verify that the optimization
esults of the coating structure are n1 = 0.02, n2 = 0.05 for the single
eramic layer YSZ/BL TBC.
Fig. 8 shows the maximum residual stress as the function of
1 and n2. It can be seen that the interface lines of the three con-
our plots have a common characteristic. The ﬁrst peak occurs at
1 = 0.02; the peak indicates that higher thickness of the ceramic
ayer can ensure the thermal insulation capability of the TBCs, and
uarantee that the residual stress has a relatively low value, such
hat the n2 should be neither too high nor too low. According to
he basic theory of fracture, when the residual stress reaches the
ield strength (fracture strength for the ceramic material, it nearly
as no plasticity and can be viewed as linear elastic), and when
he residual stress exceeds the fracture strength of the YSZ ceramic
ayer, crack may  be initiated in the inner side of the ceramic layer,
nd the crack may  propagate, grow and eventually lead the coating
o fail. Nevertheless, the plasma sprayed TBCs often have micro-
ores and micro-cracks which are distributed in the ceramic layer
t random, this characteristic is often attributed or determined by
he feature of plasma spraying. The existence of the micro-pores
nd cracks can relieve the stress concentration in the inner side of
he TBCs more or less and reduce the residual stress level.
.2. Design and optimization of YSZ/IL/BL TBCFig. 9 shows the maximum residual stress as the function of n2
nd n3 (n2 + n3 = 0.05). When n2 = 0, n3 = 0.05, only interlayer exists.
lthough the residual stress is very low compared with that of other
ases, this is not suitable, because the thermal insulation capability
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f this type of TBCs will not be high. When n2 = 0.05, n3 = 0, there
s no interlayer, this is just the single ceramic layer YSZ/BL TBC. It
ust be speciﬁcally pointed out that there existed maximum radial
tress, maximum axial stress and maximum shear stress when
2 = 0.04 and n3 = 0.01. When both the interlayer and YSZ ceramic
ayer co-exists (i.e., 0 < n2 < 0.5, 0 < n3 < 0.5), the radial stress, axial
tress and shear stress will decrease with the increase in n3; this
ndicates that introducing the interlayer will decrease the residual
tress of the TBCs and the total thickness of the TBC will remain con-
tant. Maximum residual stress as the function of n3 when n1 = 0.02
nd n2 = 0.05 also showed an interesting changing characteristic.
he maximum residual stress exhibited increasing tendency when
3 was beyond 0.02, the maximum value of the maximum resid-
al stress appeared when n3 = 0.1, and the minimum value of the
aximum residual stress appeared when n3 = 0.02. This further
eriﬁes our prediction, which has been described earlier. In fact,
he embedded layer can be designed as the functional gradient or
ompositional gradient coating: this is the gradient coating. The
radient coating is often composed of multilayers. Although the
radient coating can relieve stress mismatch signiﬁcantly, there
xists many inner interfaces, cracks can be easily initiated at these
ositions and the lifetime of the gradient coating is not so high.
n addition, as the structure of the gradient coating is relatively
omplicated, the processing technique for fabricating this type of
oating is not so simple and convenient. So the multilayer gradient
oating is not often used in the actual application. But the gradient
oating with triplex layers can still be considered and it is a very
deal coating structure. In the current discussion, it can be seen
hat the coating structure when n1 = 0.02, n2 = 0.04, n3 = 0.01 is an
ptimized coating structure.
i
i
i
Tess (c) as the function of n2 and n3 (n1 = 0.02, n2 + n3 = 0.05).
.3. Design and optimization of LC/YSZ/IL/BL TBC
Fig. 10 shows the maximum residual stress as the function of n2
nd n4 (n2 + n4 = 0.05). When n4 = 0.05 and n2 = 0, it can be seen that
here exists maximum radial stress, axial stress and very high shear
tress, this is because there is no YSZ layer when n4 = 0.05 and n2 = 0,
nly LC layer exists. As the LC layer has lower thermal expansion
oefﬁcient compared with the YSZ layer, there is more larger stress
ismatch between the coating and the substrate, and the stress
ill also increase compared with the single ceramic layer YSZ TBC.
hen n4 = 0 and n2 = 0.05, only YSZ layer exists, this is just the sin-
le ceramic layer YSZ TBC. It has the lowest radial stress and axial
tress; the shear stress is also very low. When both the YSZ layer and
he LC ceramic layer co-exist (i.e., 0 < n2 < 0.5, 0 < n4 < 0.5), the axial
tress will decrease with the increase in n2; this indicates that the
ntroduction of the LC layer will increase the maximum axial stress
f the TBCs when the total thickness of the TBCs remains constant.
ut it does not seem to take evident effect on the radial stress and
he shear stress. Considering that the LC layer has lower thermal
onductivity compared with the YSZ layer, when the total thickness
f the ceramic layer remains constant, the optimized structure for
his type of TBCs is n2 = 0.04, n3 = 0.01 and m = n4/n2 = 1/4.
Fig. 11 shows the maximum residual stress as the function of
4 when n1 = 0.02, n2 = 0.05 and n3 = 0.02. The radial stress, axial
tress and shear stress increase with increasing n4; this will fur-
her increase when the thickness of the substrate, bond-coat layer,
nterlayer, YSZ layer remains the same. The residual stress will
ncrease with increasing n4, and the thermal insulation capabil-
ty will increase with the increase in the thickness of the LC layer.
he inserted ﬁgures further show the distribution characteristic of
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Fig. 10. The maximum radial stress (a), axial stress (b) and shear stress (c) as the function of n2 and n4 (n1 = 0.02, n3 = 0.02, n2 + n4 = 0.05).
Fig. 11. The maximum radial stress (a), axial stress (b) and shear stress (c) as the function of n4 (n1 = 0.02, n2 = 0.05 and n3 = 0.02).
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he IL/YSZ interface and in the IL layer. The maximum axial stress
s located at the outer edge and in the IL layer. The maximum shear
tress is located at the IL/YSZ interface near the outer edge, and the
oard zone of the maximum shear stress is located at the YSZ layer.
Fig. 12 shows the distribution of residual stress when n1 = 0.02,
2 = 0.04, n3 = 0.02 and n4 = 0.01. It can be further veriﬁed that the
aximum radial tensile stress exists below the YSZ/IL interface
ear the outer edge. The maximum axial compressive stress exists
t the edge and below the YSZ/IL interface. Especially very interest-
ng, the maximum tensile shear stress exists at the YSZ/IL interface
ear the outer edge. The maximum compressive shear stress exists
t the BL/IL interface near the outer edge. The inserted ﬁgures fur-
her show the distribution characteristic of the maximum stress.
aximum radial stress is located near the IL/YSZ interface and in
he IL layer. Maximum axial stress is located at the outer edge and
n the IL layer. Maximum shear stress is located at the IL/YSZ inter-
ace near the outer edge, and the board zone of the maximum shear
tress is located at the YSZ layer.
Fig. 13 shows the distribution of residual stress at the interface
long the radial direction when n1 = 0.02, n2 = 0.04, n3 = 0.02 and
4 = 0.01. It can be seen that the radial tensile stress at the IL/BL
nterface ﬁrstly nearly reached a constant level, and then it exhib-
ted an increasing tendency with the increase in the location along
adius. When the location along radius exceeded a certain value
nearly r = 0.012 m),  the tensile radial stress began to decrease with
he increase in the location along radius, and it became zero when
t reached the outer edge. The radial stress at the IL/YSZ interface
e
t
e
r stress (c) when n1 = 0.02, n2 = 0.04, n3 = 0.02 and n4 = 0.01.
rstly exhibited a gradual increasing tendency and then remained
t a relatively low compressive stress level. When the location along
he radius exceeded a certain value, the stress changed to tensile
tress and exhibited increasing tendency with the increase in the
ocation along radius. And when the location along radius exceeded
 = 0.012 m,  the stress declined and there existed minimum tensile
tress at the outer edge. The shear stress at the YSZ/LC interface
rstly remained at a constant compressive level, it was nearly equal
o −200 MPa; when the location along radius increased, the stress
egan to decrease and the stress was nearly zero at the outer edge
Fig. 13a). The axial stress at the IL/BL interface, IL/YSZ interface
nd YSZ/LC interface ﬁrstly nearly reached zero. When the loca-
ion along radius exceeded r = 0.012 m,  the stress began to increase
bruptly, and there existed maximum compressive stress at the
uter edge. The maximum compressive axial stress exists at the
uter edge of LC/YSZ interface (Fig. 13b). All of the three types of
hear stress (the shear stress at the IL/BL interface, IL/YSZ interface
nd YSZ/LC interface) ﬁrstly nearly remain zero, then they have
ifferent changing tendency. The shear stress at the IL/BL interface
egan to increase. And when the location along radius exceeded
 = 0.012 m,  the stress began to decrease, and this stress changed
rom the tensile stress state to compressive stress state. The com-
ressive stress reached the maximum value at the outer edge of
he IL/BL interface, while the shear stress at the IL/YSZ interface
xhibited an increasing tendency with the increasing of the loca-
ion along radius. The maximum shear stress occurs at the outer
dge of the IL/YSZ interface. The shear stress at the YSZ/LC interface
emains at a relatively low level (Fig. 13c).
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Fig. 13. Distribution of radial stress (a), axial stress (b) and shear stress (c) along the radial direction when n1 = 0.02, n2 = 0.04, n3 = 0.02 and n4 = 0.01.
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tThe typical failure patterns of this optimized LC/YSZ/IL/BL coat-
ng structure can be described as follows: the maximum radial
tress often occurred at the IL/BL interface and near to the coat-
ng edge, while both the maximum axial stress and shear stress
ften occurred at the outer edge of the IL/YSZ interface. This kind
f coating will produce failure at these positions. The maximum
adial stress will promote the coating delaminate along the IL/BL
nterface. The maximum axial stress and shear stress will make the
oating buck at the outer edge of the IL/YSZ interface.
.4. Optimization of the TBCs from the aspect of thermal
nsulation effect
Fig. 14 shows the contour map  of the temperature distribution
f YSZ/BL, YSZ/IL/BL and LC/YSZ/IL/BL TBCs. It can be seen that when
he coating surface temperature is constant, the LC/YSZ/IL/BL TBCs
ave the highest thermal insulation temperature, and the temper-
ture distribution of all the three types of TBCs exhibited layer-like
haracteristic, which is more evident in the ceramic layer. This is
ecause all the interfaces in all the three types of TBCs are ﬂat and
o defects were introduced in the ﬁnite element model. In fact,
he amount of pores and cracks that are distributed at random
xists in the plasma-sprayed TBCs (especially the horizontal cracks
hat are vertical to the through-thickness direction) will play an
mportant role in reducing the effective thermal conductivity of
he as-sprayed TBCs. But these factors are not considered in the
urrent work as we focused on the design and optimization of the
ayer structure.
3
tFig. 15 shows the plot of temperature distribution and effec-
ive thermal conductivity of YSZ/BL, YSZ/IL/BL and LC/YSZ/IL/BL
BCs when the surface temperature equals 1473 K. It can be seen
hat all the three types of TBCs have a high temperature gradient
long the thorough-thickness direction of the ceramic layer; the
C/YSZ/IL/BL TBC has the highest thermal insulation temperature
T1 > T2 > T3). The calculated effective thermal conductivities
re also displayed in the inserted ﬁgure. The effective thermal
onductivities of the YSZ/BL, YSZ/IL/BL and LC/YSZ/IL/BL TBC are
.44 W/m  K, 1.32 W/m  K and 1.25 W/m  K, respectively. It can be
een that the LC/YSZ/IL/BL has the lowest effective thermal conduc-
ivity. The effective thermal conductivity of these optimized TBCs
s 13.2% lower than that of the typical single ceramic layer YSZ/BL
BC.
Based on the above discussion, the optimized coating structure
s the LC/YSZ/IL/BL TBC, and the corresponding values of the opti-
ized parameters are n1 = 0.02, n2 = 0.04, n3 = 0.02 and n4 = 0.01
m = 0.25). The optimized results agreed well with Dai  and Cao’s
ork [61,5]. In addition, according to our previous published work,
he double ceramic layer TBCs usually have higher thermal shock
esistance and higher high temperature oxidation resistance abil-
ty, which further conﬁrm that the structure optimization of the
PS-TBCs plays an important role in improving the performance of
he as-sprayed TBCs [62]..5. Experimental veriﬁcation
The experimental process was  performed in order to fur-
her verify our results of design and optimization. The detailed
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initiated, grew and propagated along the interface direction and
then the delamination occurred. The thin thermally grown oxide
(TGO) layer can be also seen at the YSZ/NiCoCrAlY interface. How-
ever under the same condition, the double ceramic layer LC/YSZ
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xperimental procedure can be also seen in our previous work [63].
ndeed, the thickness of the as-sprayed coating is an important fac-
or, but previous research indicate that when the thickness exceeds
 certain value, the residual stress will increase slightly with the
ncrease in thickness [64,65], and the change in thickness will not
hange the actual positions of the maximum residual stress, which
an be also seen in our current work; therefore, the difference in
hickness is not a focused problem. In addition, according to the
asic theory, residual stress plays an important role in affecting the
hermal shock life of the as-sprayed TBC. Usually, the large residual
tress can lead to a short thermal cycle life; this is because that the
aximum stress often exists near the metallic layer/ceramic layer
nterface at the outer edge, and the failure position of the TBCs
fter thermal shock is often located at or near these positions. It is
herefore reasonable to evaluate the thermal shock behavior based
n the distribution of the residual stress ﬁeld of the as-sprayed
BCs.
It is generally believed that thermal shock resistance of ceramics
an be characterized by thermal shock factors R and R′. As shown in
he following formula, thermal shock resistance of a ceramic coat-
ng depends on the thermal expansion coefﬁcient, elastic modulus
nd thermal conductivity coefﬁcient [26,66]:
 = c
˛E
(Bi  1) (12)
′ = c

˛E
= Rk(Bi  1) (13)
here  ˛ is the thermal expansion coefﬁcient, E is the effective
lastic modulus, k is the thermal conductivity, c is denoted
s the stress distributed in the ceramic coating and Bi is Biot
umber:
i =
hL
k
(14)here h is the (constant) heat transfer coefﬁcient and L is the length
f the body. It can be seen from these expressions, the thermal
hock resistance is dependent on the residual stress and is pro-
ortional to the residual stress. So it is beneﬁcial to improve the
F
Y
1 of YSZ/BL, YSZ/IL/BL and LC/YSZ/IL/BL TBC.
hermal shock resistance of the as-sprayed TBC from the aspect
f reducing the residual stress. Based on the above discussion, it
an be further predicated that the thermal shock resistance abil-
ty of the as-sprayed TBC can be used to evaluate and examine
he optimized coating structure. Fig. 16 shows the cross-section
mage of the as-sprayed single ceramic layer YSZ TBCs and dou-
le ceramic layer LC/YSZ TBCs. As for the single ceramic layer YSZ
BCs, it can be seen that the coating began to fail after enduring
 high temperature thermal shock with the thermal cycle number
qual to 19. The failure mechanism can be explained as follows: a
ertical crack originated from the surface propagated toward the
nterface between the bond-coat and top-coat; the horizontal crackLocati on along  the sp ray  direct ion from the surface  (m)
ig. 15. Plot of temperature distribution and effective thermal conductivity of
SZ/BL, YSZ/IL/BL and LC/YSZ/IL/BL TBCs when the surface temperature equals
473 K.
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(ig. 16. Cross-section image of the as-sprayed single ceramic layer YSZ TBC and do
ith  the thermal cycle number equal to 19, (c) as-sprayed LC/YSZ TBC, and (d) LC/Y
id not show evident failure trace after high temperature thermal
hock with the thermal cycle number equal to 2100. This further
hows that the double ceramic layer TBCs have signiﬁcant advan-
age compared with the single ceramic layer TBCs. And it further
eﬂects that the coating structure with double ceramic layer is a
ery good selection. It has an excellent match between the low
esidual stress and high thermal insulation: both these factors will
romote the enhancement of the thermal shock resistance ability
f the optimized coating.
As the property parameters used in the current work may not
eﬂect the actual coatings, the design and optimization results
ay  have some difference from the actual cases. But the current
ork will provide a powerful guide to design the TBCs with excel-
ent performance (low residual stress and high thermal insulation
ffect). In fact, the property parameters can be measured using
he experimental method, the design and optimization results can
e obtained using the measured parameters, but the methods
sing in the current work have paved a path for designing vari-
us types of TBCs with complicated structure. The TBCs with long
ifetime, high reliability and durability can be fabricated based on
he design and optimization results; so it is of great signiﬁcance to
erform the process of materials design before the fabrication of
aterials.
. ConclusionsThe design and optimization of the coating structure for
PS-TBC were performed by ﬁnite element simulation in the
urrent work. And the stress distribution of different types of TBCs
(eramic layer LC/YSZ TBC: (a) as-sprayed YSZ TBC, (b) YSZ TBC after thermal shock
C after thermal shock with thermal cycle number equal to 2100 [67].
onsidering the thermal insulation effect simultaneously has been
iscussed. The corresponding conclusions can be drawn:
1) The bond-coat layer and interlayer only take an effect on reliev-
ing the stress mismatch, the layers cannot be too thick. The
suitable thickness scope of the bond-coat is in the range of
60–120 m.  The zirconate-based layer alone cannot be used
as the thermal barrier layer in a single ceramic layer, it must be
combined with the YSZ ceramic layer.
2) The thickness ratio between the zirconate layer and the YSZ
layer is usually lower than 1, and the zirconate-based layer is
often deposited onto the surface of the YSZ layer. The optimized
thickness ratio between the LC layer and YSZ layer is 1/4.
3) The optimized coating structure is n1 = 0.02, n2 = 0.04, n3 = 0.02
and n4 = 0.01. In our current simulation work, when the thick-
ness of the substrate is 6 mm,  the thickness of the bond-coat,
YSZ layer, interlayer, and LC layer is 120 m,  240 m,  120 m
and 60 m,  respectively.
4) As for the optimized LC/YSZ/IL/BL coating structure, the maxi-
mum  radial stress often occurs at the IL/BL interface and near
to the outer edge of the coating, while both the maximum axial
stress and shear stress often occur at the outer edge of IL/YSZ
interface. This kind of coating will fail at these positions. The
maximum radial stress will promote the coating delaminate
along the IL/BL interface. The maximum axial stress and shear
stress will make the coating buck at the outer edge of the IL/YSZ
interface.
5) As the double ceramic layer has a signiﬁcant advantage, due
to the residual stress mismatch and thermal insulation effect,
1  Ceram
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[65] L.J. Gu, X.Z. Fan, Y. Zhao, B.L. Zou, Y. Wang, S.M. Zhao and X.Q. Cao, Surf. Coat.
Technol., 206, 4403–4410 (2012).16 L. Wang et al. / Journal of Asian
compared with the single ceramic layer YSZ TBC, the dou-
ble ceramic layer TBCs may  be an important direction for the
advanced TBCs in the future.
cknowledgements
We  express our gratitude to the high Speed Computational Cen-
er of Harbin Institute of Technology (HIT) for providing software
upport. We  also thank Dr. Yuexing Zhao for providing some exper-
mental data to verify our simulation results. This work was jointly
upported by the National Natural Science Foundation of China
NSFC) under the Grant No. 51202277, Young Scholar Project (No.
2ZR1452000) supported by the Shanghai Science and Technology
ommittee, and 2012 Innovation Fund of SICCAS (Y35ZC6160G).
e also appreciate Prof. Chuanxian Ding for his useful advices and
omments on our article.
eferences
[1] P.P. Nitin, G. Maurice and H.J. Eric, Science, 296, 279–284 (2002).
[2] A.G. Evans, D.R. Mumm,  J.W. Hutehinson, G.H. Meier and F.S. Pettit, Prog. Mater.
Sci.,  46, 505–553 (2001).
[3] M.  Ranjbar-far, J. Absi, G. Mariaux and D.S. Smith, Mater. Des., 32, 4961–4969
(2011).
[4] S. Uwe, L. Christoph, F. Klaus, P. Manfred, S.B. Bilge, L. Odile et al., Aerosp. Sci.
Technol., 7, 73–80 (2003).
[5] X.Q. Cao, R. Vassen, F. Tietz and D. Stöver, J. Eur. Ceram. Soc., 26, 247–251 (2006).
[6] H.F. Liu, S.L. Li, Q.L. Li and Y.M. Li, Mater. Des., 31, 2972–2977 (2010).
[7] A. Rabieia and A.G. Evans, Acta Mater., 48, 3963–3976 (2000).
[8] M.  Gupta, N. Curry, P. Nylén, N. Markocsan and R. Vaßen, Surf. Coat. Technol.,
220, 20–26 (2013).
[9] M.  Abbasa, L. Guo and H.B. Guo, Ceram. Int., 39, 5103–5111 (2013).
10] S. Kyaw, A. Jones and T. Hyde, Eng. Fail. Anal., 27, 150–164 (2013).
11] X.S. Yang, J. Wan, C.Y. Dai, Y. Zhang, W.G. Mao, Y.C. Zhou and C. Lu, Surf. Coat.
Technol., 223, 87–91 (2013).
12] K. Al-Athel, K. Loeffel, H.W. Liu and L. Anand, Surf. Coat. Technol., 222, 68–78
(2013).
13] J.H. Qiao, R. Bolot and H.L. Liao, Surf. Coat. Technol., 220, 170–173 (2013).
14] P. Seiler, M.  Baker and J. Rosler, Comput. Mater. Sci., 80, 27–34 (2013).
15] J. Wu,  X.Z. Wei, N.P. Padture, P.G. Klemens, M.  Gell, E. García, P. Miranzo and
M.I. Osendi, J. Am.  Ceram. Soc., 85, 3031–3035 (2002).
16] Z. Wang, A. Kulkarni, S. Deshpande, T. Nakamura and H. Herman, Acta Mater.,
51, 5319–5334 (2003).
17] I.O. Golosnoy, S.A. Tsipas and T.W. Clyne, J. Therm. Spray Technol., 14, 205–214
(2005).
18] A.K. Raya, S.C. Bosea, P.K. Dea and D.K. Das, Mater. Sci. Eng. A, 527, 5474–5483
(2010).
19] C. Giolli, A. Scrivani, G. Rizzi, F. Borgioli, G. Bolelli and L. Lusvarghi, J. Therm.
Spray Technol., 18, 223–230 (2009).
20] G. Lim and A. Kar, J. Phys. D: Appl. Phys., 42, 155412 (2009).
21] G. Lee, A. Atkinson and A. Selc¸ uk, Surf. Coat. Technol., 201, 3931–3936 (2006).
22] W.G. Mao, Y.C. Zhou, L. Yang and X.H. Yu, Mech. Mater., 38, 1118–1127 (2006).
23] L. Wang, Y. Wang, X.G. Sun, Z.Y. Pan, J.Q. He and C.G. Li, Appl. Surf. Sci., 257,2238–2249 (2011).
24] F. Sen, O. Sayman, M.  Toparli and E. Celik, J. Mater. Process. Technol., 180,
239–245 (2006).
25] M.  Ranjbar-Far, J. Absi, S. Shahidi and G. Mariaux, Mater. Des., 32, 728–735
(2011).
[
[ic Societies 2 (2014) 102–116
26] O. Sarikaya, Y. Islamoglu and E. Celik, Mater. Des., 26, 357–362 (2005).
27] H.J. Rätzer-Scheibe, U. Schulc and T. Krell, Surf. Coat. Technol., 200, 5636–5644
(2006).
28] F. Cernuschia, S. Ahmaniemi, P. Vuoristoc and T. Mantyla, J. Eur. Ceram. Soc.,
24, 2657–2667 (2004).
29] X.C. Zhang, B.S. Xu, H.D. Wang and Y.X. Wu,  Thin Solid Films, 488, 274–282
(2005).
30] L. Wang, Y. Wang, X.G. Sun, Z.Y. Pan, J.Q. He, Y. Zhou and P.L. Wu,  Surf. Interface
Anal., 43, 869–880 (2011).
31] H.B. Guo, R. Vaßen and D. Stöver, Surf. Coat. Technol., 186, 353–363 (2004).
32] M.  Karger, R. Vaßen and D. Stöver, Surf. Coat. Technol., 206, 16–23 (2011).
33] H.B. Guo, H. Murakami and S. Kuroda, J. Am.  Ceram. Soc., 89, 3797–3804 (2006).
34] H.B. Guo, H. Murakami and S. Kuroda, Mater. Trans., 46, 1775–1778 (2005).
35] P.H. Lee, S.Y. Lee, J.Y. Kwon, S.W. Myoung, J.H. Lee, Y.G. Jung, H. Cho and U. Paik,
Surf. Coat. Technol., 205, 1250–1255 (2010).
36] Y. Wang, W.  Tian, Y. Yang, C.G. Li and L. Wang, Mater. Sci. Eng. A, 516, 103–110
(2009).
37] S. Widjaja, A.M. Limarga and T.H. Yip, Thin Solid Films, 434, 216–227 (2003).
38] L. Wang, Y. Wang, X.G. Sun, J.Q. He, Z.Y. Pan and C.H. Wang, Comput. Mater.
Sci., 53, 117–127 (2012).
39] P. Chris, I. Jan, W.  Hsin, P. Wally and T. Rodney, Surf. Coat. Technol., 205, 57–65
(2010).
40] C.A. Andersson, J. Greggi, T.K. Gupta, N. Claussen, M.  Ruhle and A.H. Heuer, Sci-
ence and Technology of Zirconia II, Advances in Ceramics, vol. 12, The American
Ceramic Society, Columbus, OH (1984), pp. 78–85.
41] G. Witz, V. Shklover and W.  Steurer, J. Am. Ceram. Soc., 90, 2935–2940 (2007).
42] J. Chevalier and L. Gremillardw, J. Am.  Ceram. Soc., 92, 1901–1920 (2009).
43] P. Scardi, M.  Leoni and L. Bertamini, Surf. Coat. Technol., 76–77, 106–112 (1995).
44] J. Moon, H. Choi, H.  Kim and C. Lee, Surf. Coat. Technol., 155, 1–10 (2002).
45] R. Vaßen, M.O. Jarligo, T. Steinke, D.E. Mack and D. Stöver, Surf. Coat. Technol.,
205, 938–942 (2010).
46] X.Q. Cao, R. Vassen, W. Fischer, F. Tietz, W.  Jungen and D. Stöver, Adv. Mater.,
15,  1438–1442 (2003).
47] K. Kokini, J. DeJonge, S. Rangaraj and B. Beardsley, Surf. Coat. Technol., 154,
223–231 (2002).
48] X.C. Zhang, B.S. Xu, H.D. Wang, Y.X. Wu and Y. Jiang, Mater. Des., 28, 1192–1197
(2007).
49] K.A. Khor and Y.W. Gu, Mater. Sci. Eng. A, 277, 64–76 (2000).
50] J.D. Lee, H.Y. Ra, C.T. Hong and S.K. Hur, Surf. Coat. Technol., 56, 27–37 (1992).
51] S.C. Joshi and H.W. Ng, Simul. Model. Pract. Th., 19, 586–598 (2011).
52] ANSYS Inc. Release13.0. Documentation for ANSYS.
53] X.C. Zhang, B.S. Xu, H.D. Wang and Y.X. Wu,  Mater. Des., 27, 308–315 (2006).
54] Z. Gan, H.W. Ng and A. Devasenapathi, Surf. Coat. Technol., 187, 307–319 (2004).
55] H.W. Ng and Z. Gan, Finite Elem. Anal. Des., 41, 1235–1254 (2005).
56] V. Teixeira, M.  Andritschky, W.  Fischer, H.P. Buchkremer and D. Stöver, Surf.
Coat. Technol., 120–121, 103–111 (1999).
57] R.E. Taylor, Mater. Sci. Eng. A, 245, 160–167 (1998).
58] P. Michlik and C. Berndt, Surf. Coat. Technol., 201, 2369–2380 (2006).
59] L. Wang, Y. Wang, X.G. Sun, Z.Y. Pan, J.Q. He, Y. Zhou and P.L. Wu,  Mater. Des.,
32,  36–47 (2011).
60] L. Wang, Y. Wang, X.G. Sun, J.Q. He, Z.Y. Pan and C.H. Wang, Mater. Des., 35,
505–517 (2012).
61] P. Michlik and C. Berndt, Surf. Coat. Technol., 206, 2369–2380 (2001).
62] L. Wang, Y. Wang and X.G. Sun, Mater. Sci. Forum, 49, 617–632 (2013).
63] L. Wang, Y. Wang, X.G. Sun, J.Q. He, Z.Y. Pan and C.H. Wang, Ceram. Int., 38,
3595–3606 (2012).
64] C.M. Weyant, J. Almer and K.T. Faber, Acta Mater., 58, 943–951 (2010).66] G.A. Schneider, World Ceramics Congress, Florence, Italy, (1990) pp. 24–30.
67] H.B. Guo, Y. Wang, L. Wang and S.K. Gong, J. Therm. Spray Technol., 18, 665–671
(2009).
